Abstract Aphanomyces astaci (Saprolegniales, Oomycetes) is classified among the 100 world's worst invasive species. This species is endemic to North America and has been introduced into Europe by imports of their hosts, the North American crayfish species. As a consequence, extensive mass mortalities involved several populations of the European crayfish. Here, we checked its occurrence in four Italian populations of Procambarus clarkii, the most widespread alien crayfish in Italy. Digital image analyses and image processing techniques were used to select micro-melanized areas in the subabdominal cuticle of 2-10 crayfish per population. All the selected areas tested positive for A. astaci ITS nrDNA specific primers; moreover, the obtained sequences clearly corresponded to A. astaci, thus revealing that P. clarkii is an active carrier of this oomycete in Italy. Decisions are to be urgently made to control the spread of both P. clarkii and A. astaci for the conservation of the indigenous crayfish biodiversity.
Introduction
Aphanomyces astaci (Schikora 1903) (Saprolegniales, Oomycota), an obligate parasite of crayfish (Unestam 1969) , is endemic to North America (Unestam 1972) . Its introduction into Europe has led to the spread of the ''crayfish plague'', a devastating disease causing extensive mass mortalities in the European crayfish species. The first outbreaks of the plague in Europe seem to have occurred in 1859 in the Po River basin (Italy), which led to the extinction of several Italian populations of the indigenous Austropotamobius pallipes (Cornalia 1860; Alderman 1996) . Since then, the parasite has continuously spread across Europe; a large number of crayfish populations has been affected in Turkey (Baran and Soylu 1989) , Ireland (Matthews and Reynolds 1992) , England (Alderman 1993) , Norway (Taugbøl et al. 1993) , Sweden (Huang et al. 1994) , Austria (Alderman 1996) , Spain (Diéguez-Uribeondo et al. 1997) , Finland (Vennerström et al. 1998) , France (Machino and Diéguez-Uribeondo 1998) , Germany (Oidtmann et al. 1999) , and the Czech Republic (Kozubíková et al. 2008) . It continues to represent today one of the main threats for the European indigenous crayfish (reviewed by Edgerton et al. 2004) . Because of its virulence, A. astaci has been classified among the world's 100 worst invasive alien species (http://www.issg.org/database/ welcome/).
North American crayfish species are responsible for the spread of this pathogen (Huang et al. 1994) . So far, three North American species have been shown to carry this parasite as a chronic infection, i.e. the spiny cheek crayfish (Orconectes limosus), the signal crayfish (Pacifastacus leniusculus), and the red swamp crayfish (Procambarus clarkii) (Unestam 1969; Unestam and Weiss 1970; Unestam 1972; Persson and Söderhäll 1983; Vey et al. 1983; Diéguez-Uribeondo and Söderhäll 1993) . In these species, A. astaci can be isolated from melanin deposits often seen as black spots on their cuticles (Söderhäll and Cerenius 1992) . Melanin is deposited on the wall of the penetrating hyphae and prevents or stops the growth of the parasite due to its fungitoxic and fungostatic properties (Söderhäll and Ajaxon 1982) . This reaction to A. astaci is strong and rapid in North American species, whereas European crayfish easily succumb; their immune system is in fact not as well adapted to react against this parasite (Cerenius et al. 2003) . Thus, recognition of A. astaci and melanization is weaker and can only be occasionally observed .
Currently, all North American species known to be carriers of A. astaci are found in Italy (Gherardi et al. 2008 ), but P. clarkii is the most widely and rapidly spreading species (Gherardi 2006) . As a consequence, this species might represent today the main vector of A. astaci. In spite of Italy being the first country where crayfish plague was suspected to occur, the existence of indirect evidences of its presence, e.g., a number of mass mortalities of native crayfish Austropotamobius pallipes, and the presence of three potential carriers of crayfish plague, i.e. O. limosus, P. leniusculus, and P. clarkii, the presence of the invasive A. astaci was anecdotic. In 1999, an Aphanomyces sp. was recovered from P. clarkii sampled from Po valley (Galuppi et al. 2002) but subsequently has been identified as A. repetans (Royo et al. 2004 ). Only in 2010, A. astaci was identified by the isolation in culture of a pathogen from A. pallipes (Cammà et al. 2010) but the carrier of the disease in Italy has never been found.
One possible reason for this gap in the research is the difficulties in identifying it and diagnosing crayfish plague (Cerenius et al. 1988; Diéguez-Uribeondo et al. 2009 ). Some species of this genus, especially those colonizing animals, do not form sexual stages and are often described in terms of their host or disease aetiology. Until recently, its identification required detailed histopathological studies, isolation, and also re-infection experiments (Cerenius et al. 1988; Cerenius and Söderhäll 1999; Diéguez-Uribeondo et al. 2006 . The advent of molecular techniques, however, has allowed developing specific primers based on phylogenetically informative sequences of genes, such as internal transcribed spacers of nuclear ribosomal DNA, ITS nrDNA (Oidtmann et al. 2006) . Such techniques have been successfully applied to detect the occurrence of A. astaci also within conservation studies (Kozubíková et al. 2007 (Kozubíková et al. , 2008 ). However, a problem in such molecular studies is selecting suitable areas to sample tissues (Oidtmann et al. 2006; Kozubíková et al. 2009 ). This problem has been approached by applying recently developed digital image analyses and image processing techniques ).
The present study, therefore, aims to detect the presence of the parasite A. astaci in samples of the most widespread North American crayfish species in Italy, P. clarkii, by applying digital image analyses and A. astaci ITS nrDNA specific primers. From an applied point of view, the results of this study will be crucial for improving the management strategies of the indigenous A. pallipes, a species of particular conservation concern, defined ''vulnerable'' by IUCN (Baillie and Groombridge 1996) and protected by the EU Habitats Directive (92/43/ECC).
Materials and methods

Sample collections
Samples of P. clarkii were taken in May 2008 from 4 different sites in Italy ( Fig. 1 ): sample 1 (S1, n = 2) from Torrente Marina in Calenzano, Firenze (a fast flowing oligotrophic stream); sample 2 (S2, n = 5) in Roggia Vesca in Montanaso Lombardo, Lodi (a slow flowing eutrophic stream); sample 3 (S3, n = 5) from Fucecchio, Pistoia (a slow flowing euthrophic canal); and sample 4 (S4, n = 10) from Canale Maestro della Chiana in Foiano della Chiana, Arezzo (a temporary eutrophic stream). Cephalothorax length (CL: from the tip of the rostrum to the posterior edge of the carapace) was measured for crayfish which were preserved in 70% ethanol for further microscopic and molecular analysis at the Department of Mycology in Real Jardín Botánico (Madrid).
Microscopic examinations
Soft abdominal cuticle and the telson of the sampled crayfish were dissected using scissors and forceps. They were cleaned of the attached muscles and connective tissues as described in Cerenius et al. (1988) . Excised tissues were first examined at 1009 using a Zeiss Axiovert 25 inverted microscope (Carl Zeiss, Germany). The number of microscopic melanized spots in the abdominal cuticle of each crayfish was counted. Suspected areas of A. astaci growth were cut (ca. 0.5 mm 2 , 30-50 mg) for microscopic examination and DNA extractions. Preparations were mounted for observation using a high resolution Olympus BX51 compound microscope (Olympus Optical, Tokyo, Japan). Light photomicrographs were captured using a Qimaging Micropublisher digital camera (Qimaging, Burnaby, BC, Canada) and the software Syncroscopy-Automontage Ò (Microbiology International Inc., Frederick, MD) as described in Diéguez-Uribeondo et al. (2003) . Samples of A. pallipes infected by A. astaci from collections of the Real Jardín Botánico were used for comparison.
Molecular test and sequence analysis
Total genomic DNA from excised cuticle DNA was isolated in duplicates using a DNeasy kit for animal tissue (QIAGEN Group, Austin, Texas) according to the instructions of the manufacturer, with overnight incubation in the lysis buffer. DNA was resuspended in pre-warmed sterile ultra pure water (Q-BIOgene, France). The DNA was quantified using GeneQuantII (Pharmacia Biotech, UK). The species-specific primers 42 (5 0 …gcttgtgctgaggatgttct.0.3 0 ) and 640 (5 0 …cta tccgactccgcattctg.0.3 0 ) (Oidtmann et al. 2006 ) were used to amplify a fragment of the ITS nrDNA and to detect the presence of A. astaci DNA. As positive controls, DNA isolate from a laboratory culture of A. astaci strain L1 (genetic group B) (Huang et al. 1994 ) and DNA from cuticles of A. astaci infected crayfish (A. pallipes, Girona, North Spain) were used. To exclude any reagent contamination ultrapure water was used as negative control. Amplifications were done using illustra TM PuReTaq TM Ready-To-Go TM PCR beads (GE Healthcare, Buckinghamshire, UK) as mentioned in Winka et al. (1998) . The PCR amplifications were performed in a Perkin-Elmer GeneAmp PCR System 9700 (Applied Biosystems, Foster City, California, USA), following the thermal cycling conditions as described in Oidtmann et al. (2006) . Amplification products were separated by electrophoresis in agarose gels containing 2% Agarose D-1 low EEO (Pronadisa, Conda Laboratory, Madrid, Spain), run in 19 TAE buffer for 30 min at 5 V cm -1 . DNA was stained with SYBR Green present in the agarose gel (0.4 mg ml -1 ), visualized under UV light and recorded on Polaroid 667 BW film. These images were then analyzed using the software Photoshop 7.0 to measure the DNA band brightness. The length of amplification products was estimated by comparison to 1 kb Plus DNA Ladder (Invitrogen, Carlsbad, California, USA). The presence of a DNA fragment of a length identical to that To verify the PCR-based detection of the pathogen, the resulting 548 bp fragments were purified and sequenced following protocols reported in Kozubí-ková et al. (2008) . Both strands were sequenced separately using primers mentioned above at Secugen S. L. (Madrid, Spain).
Blast searches with megablast option were used to compare the sequences obtained against the sequences in the National Center of Biotechnology Information (NCBI) nucleotide databases. The new consensus sequences have been lodged in the EMLB-EBI database. To identify the species or to assess the level of divergence from the closest related taxa, the sequences obtained were compared with homologous reference ITS sequences published in Diéguez-Uribeondo et al. (2009) 
Statistical analyses
Data were first checked for normality and homogeneity of variance using the Kolmogorov-Smirnov and Levene test, respectively, which allowed us to use parametric tests when appropriate. Specifically, oneway ANOVA (statistic: F) followed by a post hoc Bonferroni test were used to analyze differences in the mean size between samples of crayfish. Otherwise, non-parametric tests were used (Siegel and Castellan 1988) . Numbers of black spots in different samples were compared with Kruskall-Wallis analyses of variance by ranks (statistic: H) followed by Multiple Comparisons test. Mann-Whitney test (statistic: U) was used to compare numbers of black spots between our samples and A. pallipes infected crayfish used as positive control in molecular analysis. Relationships between crayfish size or DNA band brightness with the number of black spots were analyzed with Pearson correlation tests (statistic: r 2 ). The level of significance at which the null hypothesis was rejected is a = 0.05.
Results
Macroscopic observations
The mean size significantly differed among samples (F = 34.119, df = 3, P = 0.001) with larger/older crayfish in S2 (CL ± SE: 49.04 ± 1.60 mm) and S3 (46.76 ± 0.83 mm) and smaller/younger ones in S1 (34.65 ± 1.85 mm) and S4 (28.87 ± 1.68 mm). Macroscopic examinations did not reveal the presence of black spots in any of the sampled crayfish.
Microscopic examination
Microscopic observations of soft abdominal cuticles showed the presence of melanized areas, which we named micro-melanized spots, in 50% of individuals (11 out of 22). Micro-melanized spots in P. clarkii (Fig. 2a) were irregular in shape and intense brown in colour produced by fast and heavy melanization triggered after spore cyst adhesion to the crayfish cuticle. In some samples, hyphae were seen germinating from the adhered cyst. These hyphae were often swollen suggesting a strong effect by melanin. In A. pallipes affected with A. astaci, a number of micro-melanized spots were also found. Some of them could be related to the areas corresponding to spore cyst attachment from where intense growth took place. Differently from American crayfish, spore landing appears rounded and light in colour whereas melanization is discontinuous along hyphae (Fig. 2b) .
A significant difference in the number of micromelanized spots were found between samples (H = 14.707, df = 3, P = 0.002). These were higher in S2 and S3 than in S1 and S4 and ranged from 0.1 to 4.4 spots per crayfish. We also found that the number of micro-melanized spots significantly increased with crayfish size (r 2 = 0.507, df = 21, t = 4.538, P = 0.0001) (Fig. 3) .
Molecular test and sequence analysis
All excised pieces with micro-melanized spots from all samples of P. clarkii tested positive for A. astaci (Fig. 4) . ITS nrDNA sequences were obtained to S1, S2 and S3. Purified DNA products from sample S4 gave very low concentration (less that 5 lg/ll) and did not result in acceptable sequences.
The blast search for the sequences showed 100% similarity to GenBank A. astaci sequence AY310499 (S1, S2 and S3) corresponding to isolate M96/1 (Oidtmann et al. 2004 ) from Germany and to sequence AM947027 (duplicate S2 and S3) isolate VI03631 (Vrålstad et al. 2008 ) from Norway. These sequences differed in one position (''A'' in AY310499 and ''-'' in AM947027). This last sequence was included in the new alignment, together with the sequences obtained in this study S1, S2 and S3. The new alignment has not been published in the Tree Base, but can be requested to the authors.
Maximum parsimony analysis (MP) under heuristic search gave 100 most parsimony tree with a length of 614 steps, CI = 0.6889, RI = 0.9597 and RC = 0.6612. Figure 5 shows the strict consensus tree where the main clades discussed in Diéguez-Uribeondo et al. (2009) 
Discussion
This works shows for the first time that the invasive species A. astaci is present in Italy chronically infecting another invasive species, the North American freshwater crayfish P. clarkii. Although its presence was suspected because A. astaci was previously shown to infect the first stocks introduced into Europe via Spain (Diéguez-Uribeondo and work represents the first study showing the interaction of P. clarkii by A. astaci at microscopic level. Previous studies were mainly directed to show that this crayfish was a carrier of A. astaci and that could transmit the disease to European crayfish (Diéguez-Uribeondo and Söderhäll 1993). The interaction of A. astaci and freshwater crayfish has been most intensively studied in the signal crayfish, Pacifastacus leniusculus (Persson and Söderhäll 1983; Persson et al. 1987; Cerenius et al. 1988) . The signal crayfish is also a North American crayfish species and in this species black spots in their cuticle are generally indicative of a high degree of infection by A. astaci. In this study on P. clarkii, no black spots were observed. However, microscopic examinations and molecular tests showed the presence of micromelanized spots which were indicative of the presence of this A. astaci. The difference in number of black spots could be due to the higher resistance of P. clarkii than P. leniusculus (Diéguez-Uribeondo and Söderhäll 1993). Melanin deposit and strong melanization at early stages of colonization by A. astaci might be signs of a higher resistance of P. clarkii to A. astaci. Our results also reveal a positive correlation between age/size of individuals and the rate of infection. According to Cerenius et al. (1988) , this lower presence of A. astaci in juveniles might be due to their more frequent moulting.
The role played by P. clarkii as a vector of the crayfish plague in Italy is, therefore, clearly proven by our study, which raises awareness for the threat that this species poses to the indigenous crayfish species. Since 2008, populations of A. pallipes in some Italian regions (Abruzzo, Lazio, and Molise) have been subject to sudden mass mortalities that have been assigned to outbreaks of the crayfish plague. However, the causative agent of mortalities was only recently identified as A. astaci (Cammà et al. 2010) .
Appropriate measures are to be taken in Italy to halt the spread of P. clarkii and, consequently, to slow down the propagation of the plague. In other European countries, the relationship between North American crayfish species and the increasing numbers of epizootics in Europe has been proven (Huang et al. 1994; Lilley et al. 1997; Vennerström et al. 1998; Oidtmann et al. 1999; Diéguez-Uribeondo and Söderhäll 1999; Bohman et al. 2006) . As shown by previous studies, A. astaci cannot survive long periods without its crayfish hosts and the indigenous infected crayfish die out after infection of this pathogen (Oidtmann et al. 2002) . Populations of the North American crayfish are thus the only currently known reservoir of the infection (Kozubíková et al. 2008) . It is thus imperative to develop an effective bio-security policy that encourages the utilization of effective diagnostic tools and to inform the general public about the correct practices to follow in order to manage the infected populations of P. clarkii.
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